ABSTRACT: Defining the physical suitability of an area for marine cage fish farming is of great importance, as each cage type has its own engineering tolerance levels and is designed to cope with a certain range of environmental conditions. Currently, there are no definitive, objective methods used to evaluate the suitability of coastal and offshore sites with respect to the physical limits of the location and the engineering design of a specific cage type. This study developed models which incorporate physical environmental parameters and cage engineering design within a GIS (graphical information system) environment, providing a valuable decision support tool for farmers, regulators and policy makers. The Western Isles of Scotland, UK, were selected as a study area due to the wide range of coastal and offshore environments. In addition, we selected 4 cage types designed for different wave exposure conditions (sheltered, moderately exposed, exposed and offshore). The models have been developed for worst-case scenarios, such as maximum significant wave height, conditions which are often difficult to predict. As shown in this study, the models can be used to assess the risk of using the selected cage type in a certain area and to highlight specific locations for development. The results indicate there is scope for further expansion of the aquaculture industry in the Western Isles using cages designed for exposed and offshore conditions, whereas there is limited potential for new developments using cages designed for moderately exposed environments. This allows stakeholders to make a robust decision about what cage type to use and where to locate it.
INTRODUCTION
The considerable recent expansion of fish farming, worldwide, will continue to develop in forthcoming decades to meet the increasing world demand for seafood (FAO 2012) . Floating cages are a major production system which will make a significant contribution to satisfying this demand; however, this expansion has already attracted attention in terms of its potential impacts on the environment ranging from aesthetic impacts to direct impacts such as environmental pollution and effects on biodiversity. Optimised location of cage farms requires consideration of a number of factors including environmental and infrastructural components (Ross et al. 2011 and visual impacts .
Defining the suitability of an area for cage-based fish farming in terms of the physical environment is of great importance, as each cage type has its own engineering tolerances which have been designed to cope with varying levels of weather and a particular range of hydrographic conditions, water depth, and anchorage stability. Ensuring that cages are sited appropriately based on these engineering tolerances is fundamental for the sustainability of an operation, whilst also maintaining a high level of safety for operators and the environment. Failure of cages with subsequent loss of fish and equipment is a financial burden for the operator and has considerable envi ron mental implications due to the potential interactions between escaped and wild fish. Jensen et al. (2010) assessed escapes of fish from Norwegian sea cage aquaculture and found that in the case of Atlantic salmon Salmo salar the main cause of escape was structural failure of the cage, with the highest incidents of large-scale escapes (defined as >10 000 fish) occurring during the autumnal months, when there are more frequent and intense coastal storms.
Tools to assess the risk of cage failure and escapes within the context of coastal management for aquaculture are rare, and locations tend to be assessed on a relatively restricted spatial scale. The Environmental Impact Assessment (EIA) process is largely based on assessing localized areas for fish farm suitability or expansion (Telfer et al. 2009 ). Furthermore, regulatory instruments frequently concentrate on the assessment of nutrient carrying capacity within management areas and embayments (Gillibrand et al. 2002) . Such carrying capacity is based largely on hydrodynamic characteristics and subsequent nutrient retention in defined areas, with little consideration given to the actual suitability of a given cage structure and its ability to withstand the physical environment.
Currently, the European Union is encouraging changes to coastal marine management (Directive 2008/56/EC) , and the Food and Aquaculture Organisation of the UN (FAO) are promoting the Ecosystem Approach to Aquaculture (Soto et al. 2008) . Both initiatives advocate the establishment of a more integrated framework to protect the marine environment using spatial management tools and models at regional rather than local scale. Geographic information systems (GIS) provide a basis for such spatial modelling, which allows inclusion of a wide range of different locational data, including environmental, infrastructural and socio-economic, into a single decision support system (Nath et al. 2000) . Through a logical combination of primary data and submodels, GIS allows integration of sophisticated analytical tools for multi-site aquaculture planning and management into an integrated coastal zone management plan aimed at developing organised and considered planning for sustainable development in coastal zones (Vallega 2001 , Pérez et al. 2005 , Ross et al. 2009 ).
Site selection and carrying capacity are crucial issues for aquaculture development . GIS has been used previously as a method of site selection for cage culture in a variety of locations including salmonid culture in a small coastal bay in Scotland (Ross et al. 1993) , offshore cage culture in Tenerife (Pérez et al. 2005 ) and freshwater cage culture in a large reservoir in Mexico (Ross et al. 2011) . Most studies focus on the environmental parameters and use general dimensions for hypothetical cage structures with only a few examples, such as Pérez et al. (2003a) , including both environmental parameters and actual cage engineering tolerances in model development.
This paper describes the development and use of a GIS-based model for marine cage site suitability incorporating data on currents, bathymetry and wave climate, while taking into account the technical specifications and engineering capabilities of 4 cage types designed for different environmental conditions: sheltered, moderately exposed, exposed and offshore. The model uses a multi-stage process where both Boolean and fuzzy classification techniques are used to produce an informative decision-making tool ). This allows large study areas to be evaluated from which smaller areas can be selected for more site-specific analysis. The Western Isles of Scotland are used as an example study site. This area is already a major salmonid production zone, and there is significant scope for industrial expansion here to deal with increasing consumer demand, thus creating a good climate for employment and ensuring long-term business opportunities (Scottish Government 2009). Whitmarsh & Palmieri (2009) evaluated public and stakeholder attitudes throughout Scotland and revealed a marked preference in favour of aquaculture expansion in the Western Isles. The model has been developed for worst-case conditions, such as maximum potential signifi cant wave height, and can be used to assess the suitability of any study area for each type of cage.
STUDY AREA
The Western Isles, off the North West coast of Scotland, comprises 5 main islands, Lewis & Harris, North Uist, Benbecula, South Uist and Barra, and has a combined coastline length of 2103 km (Fig. 1) . The archipelago has convoluted coastlines, ranging from open coasts exposed to the Atlantic Ocean in the West to sheltered shores in the East, presenting a wide range of different coastal environments within a relatively small area. Within the isles there is a complex system of inlets ranging from deep narrow sealochs (fjords) to wide shallow bays, providing a large number of sites for sea-cage aquaculture.
MODEL COMPONENTS AND DEVELOPMENT
Data preparation, processing and model development was conducted within IDRISI Selva GIS software (Clarks Labs), and prior to analysis all model components were converted to the UTM-29n georeference system at 30 m resolution.
There are 4 stages in this model, each of which, in addition to the final output, can be used as an independent decision support tool (Fig. 2) . The first stage was the development of 5 submodels: distance from the coast, maximum current velocity, depth, significant wave height, and substrate type. The second stage reclassified 4 of these submodels (distance from coast, maximum current velocity, depth and significant wave height) using a Boolean classification scheme in which suitable areas were classed as 1 and unsuitable areas were classed as 0. The reclassified layers were then multiplied together to produce a Boolean submodel which provided a 'constraints' layer indicating areas where no aquaculture activity would be possible.
Four of the submodels (maximum current velocity, depth, significant wave height and substrate type) were then reclassified using fuzzy set membership and combined by addition to produce a fuzzy suitability submodel. Data reclassification is a commonly used GIS technique which allows different parameters that were originally measured in different units to be compared on a similar scale and subsequently in a logical numerical model. Fuzzy sets are classes without hard boundaries where there is a gradual transition between membership and non-membership (Zadeh 1965 , Eastman 2012 . The fuzzy method of classification allows greater detail than the Boolean classification whilst accounting for the uncertainty that is associated with crisp, hard boundaries and environmental parameters (Eastman 2012). For the depth, wave height and current velocity para meters used in this study the sigmoidal ('s-shaped') fuzzy function was employed, as this was the most appropriate. Membership function type, membership function shape and control points were selected using the sea cage parameters, literature reviews and the opinion of aquaculture experts.
In the fourth and final stage of the modelling process the constraints and fuzzy suitability submodels were multiplied together to produce the overall suitability model. This model approach was applied to each of the 4 cage types using rules based on their individual design parameters and technological specifications. 
Sea-cage design parameters
Different types of sea-cages are designed to withstand different levels of physical environmental stress, so operators choose a design appropriate to the particular environment in which it will be sited. Four cage types were selected for this study based upon their appropriateness for different environmental conditions (sheltered, moderately exposed, exposed and offshore). The Large Modular Square (LMS) cages manufactured by Kames Fish Farming Ltd are designed for areas sheltered from wave action and with relatively slow current flow. These cages are currently used for salmon broodstock and ongrowing in Scotland and the production of sea bream and sea bass in Greece. The Kames Fish Farming Ltd Circular C250 (C250) fish cages are designed for ongrowing in conditions moderately exposed to wave action (semi-exposed) and current flows. The C250 cages are currently used in Scotland for coastal trout, salmon and halibut ongrowing. The Kames Fish Farming Ltd Circular 315 fish cages (C315) are used for ongrowing in offshore environments and conditions highly exposed to significant wave action and current flows. The OceanSpar SeaStation is a semi-rigid fish cage which operates either floating or fully submerged and is used for offshore and open ocean aquaculture. Technical specifications and further information for each of the cage types are published by the manufacturers (Kames Fish Farming 2001 , OceanSpar LLC 2013 , and Table 1 shows their dimensions and maximum environmental threshold limits. As SeaStation design can vary de pending upon the operators requirements, for this study information was used from an offshore SeaStation sea farm case study published by Loverich (2010) .
Distance from coast submodel
Accessibility is an important factor for any successful aquaculture operation. The Western Isles already have an extensive aquaculture and fishing industry with an associated infrastructure and logistics network, so this would be a suitable location for further aquaculture development. The 'distance from coast' submodel was only included within the Boolean overlay, as company-specific economic and logistical analysis would be required to decide on cost effective access points from the land (viz: where a company already has facilities that could be used). To ensure that the model has general applicability for any new sea cage development, a buffer was used from the coast to a maximum limit which could be achieved from almost any point on the mainland. Offshore aquaculture can be defined generally as farming systems located in exposed environments rather than sheltered coastal areas (Troell et al. 2009 ). While there is no universally adopted definition, distances in excess of 3 km were used in the present model to account for offshore conditions, and areas within 3 km were considered coastal. A maximum distance of 20 km from the mainland of the Western Isles was considered reasonable for siting offshore culture with most modern service vessels able to reach the furthest points within 40 to 60 min. The data were reclassified so that areas between 0 and 20 km from the coast were suitable for development, and areas beyond this limit were classified as unsuitable.
Maximum current velocity submodel
High current velocity not only affects the physical structure of the cages through torsional forces on the netting, fatigue and fracture on couplings and welding points but also affects fish production and behaviour through deformation of nets, reduced oxygen supply or waste clearance, and even causes excessive forced swimming. Data availability on maximum current velocity was sparse, and therefore point data from the British Oceanographic Data Centre were collated and combined in a point vector file and interpolated to create a raster surface layer. This relatively simple hydrodynamic simulation approach, which has been used elsewhere (Wilkin et al. 2002) , could be improved upon by incorporating complex hydrographic modelling tools such as Delft3D (Deltares Systems). The resulting maximum current velocity layer was reclassified using the values shown in Table 2 .
Depth submodel
When siting sea-cages, sufficient depth must be allowed below the maximum net depth to allow for sufficient water flow and wide dispersion of waste over the seabed. Insufficient depth below the cages may also lead to detrimental feedback to fish from the waste material built up under the cage (Pérez et al. 2003b), and Beveridge (2004) recommends cages are at least 4 to 5 m above the sediment. On the other hand, water depth should not be such that mooring of the cage pontoon is too expensive, as cost increases with depth (Beveridge 2004) . Deep waters may also lead to complications when trying to carry out maintenance of the cages (Gifford et al. 2002) . Digital depth vector were sourced from the British Geographical Survey DigiBath250. A full bathymetric surface was interpolated from these data and then reclassified in terms of suitability for each cage type based on the criteria shown in Table 3 .
Wave climate model
The principal elements of a wave climate are wave height, wave period, and wave direction, all of which may contribute to cage damage, cause stress on structures and provide an unsafe environment for operators. Dawson et al. (2001) reported that the Western Isles coastline is relatively insensitive to changes in sea level and that the frequent occurrence of strong winds and large waves have more ) reclassified in terms of suitability ranking for each cage design environmental significance. The sea state of both the exposed western (Atlantic coast) and more sheltered eastern (Sea of the Hebrides) coasts of the Western Isles is also sensitive to the North Atlantic Oscillation. The wave climate model in this study focuses on the maximum potential significant wave height. Although these conditions may occur infrequently, they can have a significant impact on cage culture, and a single event could result in damage to a cage system. This is important information which enables cage operators, regulators and insurers to evaluate the risk of placing a cage in a certain area. Although equations are available for calculation of significant wave periods, these were not used in this study, as there is insufficient information on the impact of wave period on cage structures. This is an area which requires further work in the field to test cage tolerance before it can be included in the model.
The height of wind-generated waves is a function of wind speed and direction, fetch and water depth. Water depth affects wave generation, so that wave heights will be smaller and wave periods shorter in transitional or shallower water. The height of windgenerated waves may also be fetch-limited or duration-limited. Scott (2003) successfully used equations developed by the US Army Corps of Engineers (1984) within a GIS framework to predict the maximum height of waves for aquaculture developments in Sepetiba Bay, Brazil. In the present study, the updated equations provided by the US Army Corps of Engineers (2002) were used to develop a wave model. Two sets of equations are available, one for depths between 15 and 90 m and another for depths over 90 m. As most of the study area was within 15 to 90 m depth, this set of equations was used. However, if the model were to be applied to offshore culture in areas with greater depths, then the equations for over 90 m should be used. Models of significant wave height (Hs, the average of the highest one-third of all waves in a time series), which can contribute to coastal zone management and site suitability assessment for aquaculture projects, were developed within the GIS.
Wind
Wind data from 7 weather stations based throughout the Western Isles was supplied by the UK Meteorological Office. The data need to be expressed in terms of wind stress factor (U A ) when used within the equations for wave height, and this was calculated for 8 directional sectors, each based in an arc centred on 45, 90, 135, 180, 225, 275, 315 and 360 degrees (true north) . This adjusted wind speed accounts for the non-linear relationship between wind stress and wind speed (U) and is used to reduce bias whilst providing a more reasonable method of using data where adequate measurements are not available (US Army Corps of Engineers 1984). The U A factor is given by the following equation:
(1) Fetch A fetch layer was created in IDRISI using the method developed by UNITAR (1995) and further refined by Scott (2003) . Fetch is defined as 'the extent of open water across which the wind blows' (Bascom 1964, p. 44 ); a larger fetch therefore has a greater wave generating potential, as there is more opportunity to absorb energy from the wind (US Army Corps of Engineers 1984). The study area has a very ex - A macro model was implemented within IDRISI which first generated directional layers for 45, 90, 135, 180, 225, 270, 315 and 360 degrees. Fetch length was then calculated, producing a layer with incremental values in each subsequent pixel along the wind fetch path from the coastline which, unless there was intervening land, extended up to 1600 km, the limit of fetch impact across open water (Chanson 2004) . Although it is unlikely that the wind would blow constantly over such a large distance, the model in this case study was developed for a worst-case scenario; therefore, the maximum potential fetch was used. This stage was computationally intensive and produced large files due to the calculations and extent of the area involved.
Significant wave height submodel (Hs)
As with the fetch layer, a macro model was developed to implement the significant wave height equation (Eq. 2) used by US Army Corps of Engineers (1984, 2002) and Scott (2003) . Once implemented, the wave layer outputs for each directional sector could be generated, requiring only updates of wind speed, depth and fetch input data layers and the final output layer name for each run. The resulting 8 wave climate layers were combined using a maximum overlay function to produce a significant wave height model for the Western Isles. This layer, representing the average of the highest third of all waves in a time series (US Army Corps of Engineers 1984), was then reclassified for each cage type using the manufacturer's recommendations (Table 4) .
Substrate type submodel
There is a 'trade off' between cost and risk when considering locating sea-cage farms. Cost of moorings at sites with rocky substrates may be problematic and expensive, although this can also be a sign of good current scour, thereby ensuring oxygen supply and reducing the risks of waste accumulation (Beveridge 2004) . Substrate data were collected from the British Geological Survey (BGS), United Kingdom Digital Marine Atlas and EIA studies (Institute of Aquaculture, University of Stirling, unpubl.) and were digitized and reclassified using a 5 category sediment type profile based on those designed by BGS and focusing on European Nature Information System habitat classifications. It was assumed that cages could be located over all of the substrate types (with varying degrees of suitability), and therefore this submodel was only included in the fuzzy submodel and not the Boolean submodel. Since the substrate data are categorical rather than continuous, it was reclassified on a scale of 0 to 1 without using fuzzy set memberships as shown in Table 5 . 
RESULTS

Boolean submodel
The overall Boolean submodel is a multiplication of the individual distance, current, depth and significant wave height Boolean submodels (Figs. 3A-D) to create a submodel representing the constraints to cage development (Fig. 3E) . The advantage of using a Boolean submodel is that areas where cages could not be located (constraints) are not included in further analysis, and therefore the overall result is representative of all factors. The individual submodels and the overall constraints submodel indicate that there are more opportunities for aquaculture development using the cages designed for exposed (C315) and offshore (SeaStation) environments than the moderately exposed (C250) and sheltered (LMS) cages. The main limiting factors for all cages are depth and Hs.
The LMS cages are designed for sheltered areas, and the overall constraints submodel indicates that there are no suitable areas for safe deployment of these cages. There could be some potential for culture using these cages in inland lakes, although the present study focused only on coastal and offshore culture. Furthermore, due to the risk of Hs above the tolerance level, there are only limited areas that can be identified as suitable for use of the C250 cages, and these are in sheltered coastal fjords. There are areas along the west coast of the islands that are suitable for the C250 cages with respect to the distance from coast, maximum current velocity and depth; however, as this coast is exposed to the Atlantic Ocean, there is the risk of higher Hs. There are some areas closer to the coast where the Hs is within a suitable range for the C250 cages, but the water is not sufficiently deep to accommodate these cages.
The individual submodels (Fig. 3A-D) for C315 cages indicate that there are potential areas that would be suitable to locate cages based on each of the parameters. However, the overall constraints submodel (Fig. 3E) shows significantly reduced areas indicating that there are only a few locations, generally along the east coast, for which use of the C315 cages could be considered. As with the other cage types, the Hs is the main limiting factor, and areas near the coast where there are smaller waves are too shallow for the cages. Additionally, there are stronger currents in the Minch, the expanse of water between the Western Isles and the Isle of Skye, which means that there are fewer areas suitable for C315 cages.
The cage with the greatest potential for use within the Western Isles coastal and offshore environment is the SeaStation, which is able to tolerate the maximum current conditions of the area (Fig. 3B ) and can also withstand higher Hs (Fig. 3D) than the other 3 cage types. There are offshore areas along the west coast of the islands where the SeaStation could be deployed, particularly near the islands of Harris, the Uists, Benbecula and Barra. Furthermore, there is opportunity for use of the SeaStation cage along the northern coast of Lewis and some areas in the Minch. The main limiting factor in the Minch is depth, as it is deeper than 90 m and mooring systems will be more expensive. The SeaStation can operate as a submerged cage and therefore would be able to tolerate even higher Hs. However, surface operations still require access to the cage system, and consequently further fieldwork would be required to estimate the frequency and duration of maximum wave height.
Fuzzy submodel
The fuzzy submodel (Fig. 4) is a result of adding the current, substrate type, depth and Hs fuzzy submodels together and has the advantage that it can show differential suitability within the range of tolerance. This is particularly useful for the SeaStation cages, which can tolerate a wider range of offshore conditions than the other 3 cage types, although some areas may be less suitable than others as shown in the maximum current velocity submodel (Fig. 4A) .
The fuzzy submodel for substrate type (Fig. 4B ) indicates that the most suitable substrate types are found to the northwest coast of Lewis, where the dominant substrates are coarse sediment and sand and muddy sand. Most of the sediment around the southern section of the Western Isles (North and South Uist, Benbecula and Barra) is less suitable as it is rock, which would require more expensive mooring systems. As was shown in Fig. 3 , the results of the fuzzy overlay indicate that the most limiting factors for all cage types are the depth (Fig. 4C) and Hs (Fig. 4D) .
The overall fuzzy submodel can be used to identify areas which are most or least suitable for development using each cage type. However, they should not be used to make a definitive decision unless combined with the constraints submodel to produce the final cage suitability model, as the overall fuzzy submodel is an intermediate outcome rather than a final result. Once combined with the overall constraints submodel, the model automatically disregards any area where one or more submodels indicate there should be no development and then uses the fuzzy submodel to assess the remaining areas as to their level of suitability.
Final cage site suitability models
The final cage site suitability models indicate potential areas for the use of 3 out of the 4 cage types (Fig. 5) . There are no suitable areas for LMS cages, which require sheltered environments; therefore, these cages would not be recommended for use in the coastal and offshore areas of the Western Isles. The C250 cages are suitable for semi-exposed areas, and the model indicates that Loch Roag in Western Lewis would be a highly suitable area for this cage (Fig. 5A ). There are already cages of this type in use in this area.
The Eastern coast of the Western Isles has some potential for the C315 cages, particularly in South Uist (Fig. 5B ) and on the fragmented coastline of Lewis (Fig. 5C ). There is significant potential for use of SeaStation cages throughout the Western Isles. As with the C315 cage, the most suitable areas are along the eastern coast of South Uist (Fig. 5D ) and the east coast of Lewis (Fig. 5E ). There is also an additional large area within the Minch between Lewis and Skye that has moderate suitability for SeaStation cages (Fig. 5E ).
DISCUSSION
Based on consideration of 4 cage types designed for varying environmental conditions, this work has shown how GIS-based models can be used to investigate the optimal location of floating cages in the marine environment, using the Western Isles of Scotland as a case study. Baxter et al. (2008) reviewed the status of Scottish seas and established a spatial baseline against which future marine and coastal policy can be measured and modelled. GESAMP (2001) noted that this type of spatial modelling approach was appropriate for locating aquaculture operations and was highly suited to maximizing sustainable economic return without environmental detriment, confirming the notion that the initial selection of the most appropriate sites will help prevent negative downstream effects on a farm's success and ensure long-term sustainability and environmental resilience. Longdill et al. (2008) also highlighted that the most suitable and sustainable locations for aquaculture development can be identified through targeted data collection programmes and the subsequent imple mentation of GIS based models. Aguilar-Manjarrez & Ross (1995) identified the positive benefits of spatial analysis, within a GIS framework, as an analytical and predictive tool for aquaculture, while Frankic (1998) highlighted the importance of developing an analytical framework that can incorporate spatial and temporal dimensions. The UK Crown Estate have also identified the need to approach the governance of the sensitive marine environment proactively and have introduced Marine Resource System (MaRS), a GIS decision support tool for identification of potential areas for sectoral development, which has been successfully applied to offshore wind farm development (Tudor & Norman 2011) .
The present study extends this further by showing how frameworks and polices can be applied to the process, through the development of a site suitability model for marine cage aquaculture, within a GIS framework, based on physical environmental data and engineering criteria for cages. The site suitability model efficiently assesses an area for the deployment of cages, avoiding the need for expensive and timeconsuming field evaluation. This allows detailed site scoping in areas which are already known to be suitable for cage aquaculture. Subsequent more detailed assessment would include location-and case-specific variables such as temperature, salinity, the use of materials and moorings and the potential impact on other stakeholders such as fishermen and ferry operators. GIS could also be used for this process, for example, to calculate the slope of the sea floor in order to assess the implications for mooring type (Bekkby et al. 2008a) . The model developed uses available data within its calculations. This can be limiting, e.g. wave climate profiling may lack data sets for a given study area. However, with increased use of spatial tools and models for marine planning (Kapetsky & Aguilar-Manjarrez 2007) these limitations are likely to diminish as digital data sources improve.
The overall model developed for this study has a number of components and submodels which, in themselves, are highly complex and can be used as independent assessment tools. Wave climate assessment is one example, as the relationships between wave exposure and species distribution or wave climate and coastal erosion have been acknowledged (Koukoulas et al. 2005 , Bekkby et al. 2008b . Determining the likely wave climate risk of an area is a critical factor in coastal zone management and for development of any activity. A pilot study for aqua- culture site optimization in Loch Roag, Scotland, highlighted that 'adequate specification and siting of salmon farm installations in respect of hydrography in particular of wave climate' should be taken into account (Tyrer & Bass 2005, p. 40) . Whilst there is a well-established understanding of how wave height will impact aquaculture structures (Panchang et al. 2008) , other wave climate factors such as wave period require further investigation in this respect. Pérez et al. (2003a) interpolated minimal available data obtained from fixed WANA points to develop a wave climate layer. The GIS-based wave climate model implemented within the GIS in this work is a significant step forward, bringing the present important factor into consideration for such regulatory risk processes as environmental impact assessment.
Development of the current velocity submodel was problematic, as little specific data were available for the study area. Consequently, only maximum current flows were used for a limited number of locations within the study area, affecting the robustness of the results. However, as this factor affects a number of production and technological parameters (Beveridge 2004) , its incorporation into the models, albeit in a limited form, was justified. In future, additional use of average current flow and relative length of time that areas were subject to quiescent waters (< 0.03 m s −1 ) would be a beneficial development as it provides information on oxygen delivery and waste clearance, though acquisition of these data would entail considerable field work.
This study has clearly shown that, in this environment and based upon the physical characteristics of the areas available, there is greater scope for aquaculture development using cages designed for exposed and offshore locations such as the C315 and SeaStation cage types. Cages designed for more sheltered and moderately exposed environments have very little scope for further deployment in coastal and offshore environments, as suitable locations are limited and are in most cases already used for aquaculture production or other purposes. The study focussed on a worst-case scenario basis, i.e. modelling the maximum and extreme conditions such as significant wave height, which may not occur frequently but can have serious consequences if, or when, they do occur. The models developed here also provide quantitative suitability scores for each of the different cage technologies throughout the Western Isles. This enables fish farmers and environmental regulators to make decisions about the siting of cage culture at particular locations or alternatively to identify other locations with suitable characteristics, and thus acceptable environmental risk, within the wider locality. This process is in marked contrast to the current EIA process of site selection, as it allows a proactive approach to ranking areas and developing options for sites instead of a simple 'yes or no' re sponse to single site queries. Such a decision support tool is not only intended as a fixed engine for aquaculture regulation but is ideally suited for use at the exploratory, pre-developmental stages.
Although this study has focused on cage farming for finfish aquaculture, the model could be easily adapted and applied to other types of aquaculture such as the culture of seaweeds and shellfish. Submerged longline technology was developed in Japan for use in deep water scallop culture and has since been used in the South Pacific to culture pearl oysters and even in New Zealand for mussel production in open ocean conditions with significant wave heights over 10 m (Cheney et al. 2010 ). The modelling approach used in the present study could be used to investigate further suitable areas for production.
There are currently a range of GIS-based and non-GIS-based means for making decisions in relation to aquaculture sustainability, all of which consider different aspects important for the successful operation of aquaculture, including individually those for selecting suitable sites (Halide et al. 2009 ), optimization of production (Ferreira et al. 2009 ), determining waste impacts (Corner et al. 2006 , Giles et al. 2009 ), disease monitoring (Li et al. 2009 ) and visual impact assessment . The underlying strength of a GIS-based system is that it can be expanded to incorporate numerous submodels embracing the physical environment, ecology, economics and support facilities (Radiarta et al. 2008) . A sufficiently realistic model, once implemented, calibrated and validated, can thus play a strong role in formulating or adapting a regulatory framework. (Rennie et al. 2009) .
This study has shown that, with suitable information which is structured in a spatial manner, GIS modeling can be used to select sites and appropriate technology for effective aquaculture production based on the physical environment which is suitable for use by both industry and environmental regulators for effective aquaculture management. 
